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ABSTRACT
Galaxies are generally found to follow a relation between their size and luminosity, such that luminous
galaxies typically have large sizes. The recent identification of a significant population of galaxies with
large sizes but low luminosities (“ultra diffuse galaxies”, or UDGs) raises the question whether the
inverse is also true, that is, whether large galaxies typically have high luminosities. Here we address
this question by studying a size-limited sample of galaxies in the Coma cluster. We select red cluster
galaxies with sizes reff > 2 kpc down to Mg ∼ −13 mag in an area of 9 deg2, using carefully-filtered
CFHT images. The sample is complete to a central surface brightness of µg,0 ≈ 25.0 mag arcsec−2 and
includes 90 % of Dragonfly-discovered UDGs brighter than this limit. Unexpectedly, we find that red,
large galaxies have a fairly uniform distribution in the size-luminosity plane: there is no peak at the
absolute magnitude implied by the canonical size-luminosity relation. The number of galaxies within
±0.5 magnitudes of the canonical peak (Mg = −19.69 for 2 < reff < 3 kpc) is a factor of ∼ 9 smaller
than the number of fainter galaxies with −19 < Mg < −13. Large, faint galaxies such as UDGs are far
more common than large galaxies that are on the size-luminosity relation. An implication is that, for
large galaxies, size is not an indicator of halo mass. Finally, we show that the structure of faint large
galaxies is different from that of bright large galaxies: at fixed large size, the Se´rsic index decreases
with magnitude following the relation log10 n ≈ −0.067Mg − 0.989.
Keywords: galaxies: clusters: individual (Coma)
1. INTRODUCTION
Early-type and late-type galaxies exhibit scaling rela-
tions, involving their structural, photometric and phys-
ical parameters (Faber & Jackson 1976, Tully & Fisher
1977, Djorgovski & Davis 1987). These relations are
used as distance indicators (e.g. Freedman et al. 2001),
provide insights into the formation and evolution of
galaxies (e.g. Governato et al. 2007), as well as con-
straints on the nature of dark matter (e.g. Sanders &
McGaugh 2002). One of the most straightforward rela-
tions is that between the sizes of galaxies (parameterized
by the half-light or half-mass radius, reff) and their lu-
minosities or masses (Kormendy 1977). The slope and
normalization of this relation presents distinct trends
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depending on environment and cosmic time. Previous
studies have derived the size-luminosity relation from
large datasets complete down to faint limits, carefully
measuring the photometric parameters of galaxies using
advanced galaxy modeling and fitting (Shen et al. 2003,
Bernardi et al. 2014). The fairly tight log-linear rela-
tion between the size and the integrated magnitude of
galaxies that is found in these studies suggests that the
majority of large galaxies are bright.
Recent low surface brightness imaging efforts resulted
in the discovery of a significant population of galaxies
with large effective radii (reff & 1.5 kpc) and low cen-
tral surface brightness (µ0 & 24 mag arcsec−2), mostly
in cluster environments (e.g. van Dokkum et al. 2015a,
Mihos et al. 2015, Koda et al. 2015). Some isolated ex-
amples of these large, low surface brightness galaxies,
dubbed “ultra diffuse galaxies” (UDGs), were detected
earlier (e.g. Dalcanton et al. 1997, Caldwell 2006) but
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Figure 1. Co-added g+ i CFHT images, demonstrating the steps of the detection pipeline used for creating the catalog (upper
panel). The panels show a 3′ × 3′ area centered on the UDG Dragonfly 44 (van Dokkum et al. 2015b), one of the large low
surface brightness galaxies in our sample. Compact objects are masked and the image is binned to facilitate the detection of low
surface brightness emission. In the lower panel we show examples for galaxies detected with our detection pipeline. All have
similar effective radii of 3− 4 kpc but they span a factor of ∼ 250 in luminosity, ranging from 13.8 to 19.8 mag.
it is their large abundances, particularly in cluster en-
vironments, that is new to us. In light of this discovery
it is interesting to examine how UDGs modify the de-
rived galaxy size-luminosity relation. Speficially, the key
questions are whether most large galaxies are, in fact,
luminous, and whether there is a continuum in luminos-
ity between large “normal” galaxies and UDGs.
Here we present the size-luminosity relation of galax-
ies in the Coma Cluster, using imaging from the Canada
France Hawaii Telescope (CFHT) covering an area of
9 deg2, down to low surface brightness levels. To en-
sure size completeness, we focus on galaxies with large
effective radii (reff > 2 kpc). We show that large
galaxies do not follow the canonical size-luminosity re-
lation and that the apparently tight size-luminosity re-
lation might be a result of selection effects, due to
poor sensitivity to large, low surface brightness galax-
ies. Throughout this Letter, we assume a distance of
100 Mpc to the Coma cluster and a flat ΛCDM model
with parameters Ωm = 1 − ΩΛ = 0.27, Ωb = 0.0469,
h = H0/(100 km s
−1 Mpc−1) = 0.7, σ8 = 0.82, and
ns = 0.95 compatible with combined constraints from
the Wilkinson Microwave Anisotropy Probe, Baryonic
Acoustic Oscillations, supernovae, and cluster abun-
dance (Komatsu et al. 2011).
2. ANALYSIS
2.1. Data and Catalog Selection
Our size-limited sample of Coma galaxies is con-
structed from imaging data obtained with the Canada
France Hawaii Telescope (CFHT), as they cover a large
region of the Coma cluster in a homogeneous way and it
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Figure 2. Color-magnitude diagram for our sample of galaxies with reff > 4
′′ in the Coma cluster field (left) and in the random
field (right), both covering an area of 9 deg2. The solid red line and dashed pink lines shows our fit to the red sequence and
limits of 0.2 magnitudes above and below the fitted red sequence, respectively. In the following, only galaxies within these limits
are considered in the analysis.
was shown in van Dokkum et al. (2015a) they reach the
require depth. We obtained the data from the Canadian
Astronomy Data Centre. A 3◦×3◦ field was imaged with
a 9-pointing mosaic, in the g and i bands (Head et al.
2014). Exposure times were short, at 300 s per pointing
per filter. The image quality is FWHM ≈ 0.′′8 and the
sampling is 0.′′186 pixel−1. We also obtained images in
a 3◦ × 3◦ area in the Canada-France-Hawaii-Telescope
Legacy Survey Wide fields (W1) (CFHTLS; Erben et al.
2013). These data are used to correct the Coma counts
for contamination, as detailed below. Similarly to the
Coma data, 9-pointing mosaic images were obtained in
the g and i bands. Exposure times were much longer,
at 3000 s and 4300 s per pointing for the g and i filters
respectively. For each of the 9 images we measured the
noise, using the distribution of flux values measured in
25 × 25 pixel boxes placed in empty areas. For each
Coma field we assigned a control field whose variation
in 25 × 25 pixel boxes was matched to that in Coma.
This matching was done by adding Poisson-distributed
noise to the control field.
To create a size-limited sample, we need to include
both luminous galaxies and very faint low surface bright-
ness objects. We created this “high dynamic range”
catalog in the following way. The same procedure was
applied to both the Coma images and the blank field
data. First, the g and i images were summed to increase
the S/N ratio. Then, SExtractor (Bertin & Arnouts
1996) was used to create a catalog of bright objects,
by setting the detection threshold to > 5σ per pixel.
Objects with high measured flux (FLUX AUTO > 104,
corresponding to gi < 20.7 mag) were included in the
catalog and then masked in the images, in prepara-
tion for the next steps. Objects with FWHM smaller
than 1.5 arcsec were not included in the catalog but
masked outright. Next, the masked image was rebinned
by 3× 3 to a lower resolution to increase the S/N ratio
per pixel for a better detection of low surface bright-
ness objects. SExtractor was run a second time on this
masked and re-binned image, now using a lower detec-
tion threshold of 3σ per pixel. Objects with FWHM
smaller than 3.5 arcsec and objects that are likely to be
stars (CLASS STAR > 0.9) were masked. SExtractor
was run a third time after this masking step, with a low
detection threshold of 2σ per pixel and a large minimal
number of detected pixels (DETECT MINAREA = 30).
Objects with FWHM ≥ 4 arcsec were kept. Finally, a
manual rejection was applied to all images to exclude
non-galaxies objects (e.g. a part of a previously masked
galaxy, blended compact objects, etc.) and artifacts
(e.g., ghosts of optics, edge effects, etc). The final cata-
log contains 6258 galaxies in the 3◦× 3◦ Coma field and
3152 galaxies in the 3◦ × 3◦ control field.
The procedure is illustrated in the upper panels of
Figure 1, where we show a 3′× 3′ section from an image
after applying the key steps of the detection pipeline.
The lower panel show examples of five galaxies from our
sample. The galaxies have similar sizes (reff ∼ 3.5 kpc)
but span a wide range of luminosities. The faintest one
with mi = 19.82 mag is easily detected in the CFHT
data.
2.2. Structural and Photometric Parameters
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Figure 3. The distribution of red galaxies in the size-magnitude plane, for galaxies with reff > 2 kpc. The Coma field is shown
at top left and the control field at top right. The greyscale indicates the number of galaxies at each location. In the bottom
panel the field counts are subtracted from the Coma counts, correcting for field contamination. The corrections are small. The
dashed white line marks the size completeness of the sample. Red points denote a class of quiescent objects from Brodie et
al. (2011). Large galaxies in this sample have an approximately constant central surface brightness of 19.2 mag arcsec−2 (light
green line). The population of faint and large galaxies with central surface brightness fainter than 22.7 mag arcsec−2 (dark
green line) is missing in the Brodie et al. compilation. The magnitude distribution of large galaxies is much broader than was
suggested by the Brodie sample; this is the central result of this paper.
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We use SExtractor only to obtain a catalog that in-
cludes all large galaxies down to a faint detection limit.
Structural and photometric parameters of the galax-
ies were determined from parametric fits of the two-
dimensional surface brightness distribution, using GAL-
FIT (Peng et al. 2002) in two steps. First, fits were
performed on the summed g + i images, with neighbor-
ing objects masked, to determine structural parameters
of the galaxies. A single-component Se´rsic profile was
assumed, and the values of reff , n, mg+i, b/a, PA and
the sky were fitted by GALFIT. The galaxies were then
fitted again in each band separately to determine (total)
magnitudes and colors. In this second fit all previously
free parameters were fixed except the integrated mg and
mi magnitudes. A total of 6045 out of 6132 were suc-
cessfully fit, with average and median χ2 of 1.39 and
1.1, respectively. A small fraction of fits (1.4 %) did not
converge.
2.3. Red Sequence and Cluster Member Selection
The color-magnitude diagrams (CMDs) for galaxies in
the Coma field and the control field are shown in Figure
2. Only large galaxies with reff > 4
′′ are shown, as we
are complete above this limit (see above). The red se-
quence (Gladders & Yee 2000) is very clear in the Coma
field, as expected. A visual comparison of the two fields
suggests that most of the bluest and reddest objects in
the Coma field are background galaxies, and we begin by
selecting objects close to the red sequence. We fit the red
sequence in the Coma field CMD, using the least squares
method and we obtain (g − i) = −0.045Mi + 0.113.
This relation is similar to that obtained by Head et al.
(2014). In the following, we only consider galaxies that
are within ±0.2 magnitudes of the red sequence line in
the analysis. As is evident in the right panel of Figure
2, the contamination by unrelated objects is small but
non-zero within these limits.
3. RESULTS
3.1. The Size-Luminosity Plane
The distribution of red galaxies in the size-magnitude
plane, color coded by their number, is shown in Figure
3. Galaxies are placed into bins of size and magnitude
in the g band. The upper left panel shows galaxies in
the Coma field, the upper right panel shows galaxies in
the control field and the bottom panel shows the sub-
tracted histogram where control galaxies are subtracted
from the Coma histogram for each bin of size and mag-
nitude. In the upper panels we show galaxies with their
apparent sizes and magnitudes (measured in arcseconds
and magnitudes, respectively) and in the lower panel we
compute their physical sizes and absolute magnitudes
under the assumption that they are all at the distance
of the Coma cluster (100 Mpc).
Galaxies span a wide range of sizes and magnitudes,
from dwarf galaxies to UDGs and giant ellipticals. The
sample is not complete for dwarf galaxies, due to our
cut on FWHM ≥ 4′′ which roughly corresponds to an
effective radius of ∼ 1 kpc at a distance of 100 Mpc.
The red symbols denote a population of early-type ob-
jects, adapted from Brodie et al. (2011). This is not
a complete sample, but thought to be representative
for different classes of dynamically-hot, early-type ob-
jects. Galaxies in our Coma sample show a markedly
different distribution: the bright end follows the Brodie
et al. data points, but there is no fall-off in the num-
ber toward fainter magnitudes. This conclusion echoes
that of van Dokkum et al. (2015b), who showed that
UDGs fall in a region of size-luminosity space that
has very few previously-known objects. In this paper,
we extend those results and show that there is a con-
tinuous magnitude distribution for large objects from
the canonical size-luminosity relation all the way to
the UDG regime. We note here that our sample con-
tains 18 of the 20 Dragonfly-discovered UDGs that have
µg,0 < 25 mag arcsec
−2 in the van Dokkum et al. (2015)
sample.1
3.2. Size-limited sample
Bernardi et al. 2014 study the size-luminosity relations
for a large sample of z ≤ 0.1 early-type galaxies by fit-
ting ∼ 5×105 galaxies the from Sloan Digital Sky Survey
DR7 Main Galaxy Sample with an apparent magnitude
limit of mr < 17.75 mag. In order to examine how the
recently identified large population of UDGs affect the
large size end of the size-luminosity relation, we analyze
the luminosity distribution of Coma galaxies in three
size bins: reff = 2 − 3 kpc, reff = 2.5 − 3.5 kpc, and
reff = 3 − 4 kpc. The right panel of Figure 4 shows the
luminosity function of red cluster galaxies, after sub-
tracting the control field galaxies, in the different size
bins.
The distribution of galaxies in all three size bins is
broad with sharp cutoffs on both ends. The sharp de-
crease in the number of galaxies for magnitudes fainter
than Mg = −14 is due to photometric incompleteness,
and there is no evidence for a “preferred” magnitude of
1 The two that are missing have µg,0 = 24.8mag arcsec−2 in
van Dokkum et al. (2015).
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Figure 4. The right panel shows the luminosity function of galaxies in the background subtracted Coma field in three effective
radius bins: 2–3 kpc (green), 2.5–3.5 kpc (blue) and 3–4 kpc (red). The bins are indicated in the size-magnitude plane in the left
panel. Dashed vertical lines in the right panel mark the mean magnitudes expected from the canonical size-magnitude relation,
derived in Bernardi et al. (2014). Arrows indicate bins that are highly incomplete. The luminosity functions are very broad,
with no evidence for a peak at a particular magnitude.
−13 −15 −17 −19 −21
Mg(mag)
1.0
1.5
2.0
2.5
3.0
S
er
si
c
n
3 < reff < 4 kpc
Figure 5. The median Se´rsic index for galaxies in the 3–4 kpc size bin as a function of magnitude. The line is a power law fit.
The structure of large galaxies changes systematically with magnitude.
large galaxies. The best-fitting logarithmic slopes of the
luminosity functions in the three size bins are
log10 N =

(0.0569± 0.0102)mg + 0.901 2 < reff < 3 kpc;
(−0.008± 0.0147)mg + 1.756 2.5 < reff < 3.5 kpc;
(−0.0259± 0.0218)mg + 1.753 3 < reff < 4 kpc,
(1)
in the magnitude range of −21 < Mg < −14. A large
fraction of the galaxies have a central surface brightness
fainter than 24 mag arcsec−2 in g band which associates
them with the UDGs population.
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This result appears to be in tension with pre-
vious studies that reported a low measured scat-
ter (σrms(log10 reff) < 0.15) around the mean size-
luminosity relation (Bernardi et al. 2014). Bernardi
et al. derive a size-luminosity relation for early-type
galaxies of the form
log10R = 12.814 + 1.379Mr + 0.038M
2
r (2)
and so for effective radii of 2.5, 3 and 3.5 kpc, we get ab-
solute magnitudes of Mr = −20.40, −20.97 and −21.28
mag, respectively. The three dashed lines in the right
panel of Figure 4 mark these mean magnitudes for the
three size-limited samples, after converting Mr to Mg.
The magnitude distribution does not peak at the ex-
pected locations. We stress, however, that the stud-
ies are not necessarily in conflict: our study merely
shows that the luminosity-size relation (measured here)
is very different from the size-luminosity relation (mea-
sured previously).
Finally, we show that faint large galaxies are struc-
turally different from bright large galaxies. In Figure 5
we show the median Se´rsic index 〈n〉 for galaxies in the
3−4 kpc size bin as a function of magnitude. The Se´rsic
index monotonically decreases towards fainter magni-
tudes with median values of 〈n〉 ≈ 3 for Mg = −21 and
〈n〉 ∼ 1 for the low surface brightness galaxies in the
sample. The line shows a fit of the form
log10 n = −0.067Mg − 0.989. (3)
This trend is in agreement with the median Se´rsic index
of 〈n〉 = 0.8 in Mowla et al. (2017), who determined the
structure of UDGs in Coma from deep Subaru images.
4. DISCUSSION
In this Letter, we revisited the luminosity function of
galaxies in the Coma cluster using size-limited samples,
down to the low surface brightness regime, accounting
for the recently discovered population of UDGs. We
find that the luminosity function for intrinsically-large
galaxies is nearly flat across eight orders of magnitudes
(−22 < Mg < −14), with a slope that is close to zero
for all three samples (Figure 4). We also find that the
Se´rsic index decreases systematically for fainter galaxies,
and we infer that the structure of large bright galax-
ies is very different from large faint galaxies. This is
consistent with many other studies, which have shown
that large bright galaxies have high Se´rsic indices (Kor-
mendy et al. 2009) and UDGs have morphologies similar
to dwarf spheroidals in the Local Group (McConnachie
2012, Mowla et al. 2017, van Dokkum et al. 2015a).
We note that other studies have shown that large faint
galaxies are not only different from large bright galax-
ies but also from small faint galaxies. In particular, the
specific frequency of globular clusters in Coma UDGs is
a factor of ∼ 7 higher than that of other galaxies of the
same luminosity (Beasley et al. 2016, van Dokkum et al.
2017, Lim et al. 2018).
The flat, wide nature of the luminosity function in
fixed size bins appears to be in tension with the canoni-
cal relation between galaxy size and luminosity across
the entire magnitude range. The previously derived
tight size-luminosity relation is partly a result of se-
lection effects, as typically only high surface brightness
galaxies were considered (e.g., Bernardi et al. 2014).
However, we emphasize that the fraction of faint galax-
ies that are large is small; that is, UDGs are in the tail of
the size distribution at fixed low luminosity. As our data
are highly incomplete for galaxies smaller than 2 kpc, we
cannot re-derive the size-luminosity relation. We also
note that there may be an environmental dependence,
such that the luminosity function of large galaxies could
be different in the general field. Van der Burg et al.
(2017) find that the ratio of the number of UDGs to the
number of luminous galaxies has a slight dependence on
halo mass, such that UDGs are relatively more common
in clusters than in groups.
Kravtsov (2013) used the abundance matching ansatz
to obtain estimates of the virial radius, R200, over a wide
range of stellar mass and showed that galaxies follow an
approximately linear relation between their half-mass
radius, r1/2 and their virial radius. Since R200 scales
with the host dark matter halo, M200, it implies that
the effective radius scales with the halo mass. For reff
of ∼ 3 kpc, we obtain a halo mass of Mh ∼ 3× 1012 M
from the Kravtsov relations. However, we find that at
fixed size of ∼ 3 kpc, galaxies span at least a factor of
∼ 600 in luminosity. Taken together, these results sug-
gest that at fixed halo mass, there is a factor of ∼ 600
in stellar mass, which is inconsistent with previous es-
timates of the scatter in the Stellar Mass-Halo Mass
(SMHM) relation (e.g. Behroozi et al. 2013; Moster
et al. 2013) and also with halo occupation statistics (e.g.
Berlind & Weinberg 2002, Bullock et al. 2002, Amorisco
2018). The most straightforward interpretation is that
UDGs do not follow the r1/2 ≈ 0.015 R200 relation de-
rived in Kravtsov (2013). An interesting implication is
that the baryons in UDGs “fill” a larger fraction of the
volume of their halos than other galaxies of the same
luminosity; this likely explains their high M/L ratios
within their half-light radii (e.g. Beasley et al. 2016,
van Dokkum et al. 2016, Toloba et al. 2018).
In conclusion, UDGs are an important population
in galaxy clusters, and are far more common than
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large galaxies on the canonical size-luminosity relation.
Specifically, the number of galaxies with 2 kpc< reff <
3 kpc that fall within ±0.5 magnitudes of the size-
luminosity relation is a factor of 9 smaller than those
with −19 < Mg < −13. Deeper imaging is needed
to determine whether the luminosity function remains
flat at even fainter magnitudes. Furthermore, extending
the study to smaller galaxies would enable a complete
study of the size-luminosity plane. Finally, we confirm
that UDGs are not a distinct population in the size-
luminosity plane. Previous studies have shown that
there is no bimodality in the sizes of galaxies at fixed
luminosity (e.g. Conselice 2018); here we make the com-
plementary point that there is no bimodality in luminos-
ity at fixed size.
The authors thank Charlie Conroy for valuable dis-
cussions. Support from NSF grants AST-1312376 and
AST-1613582 is gratefully acknowledged.
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